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The green revolution in rice has benefited many farmers in irrigated rice ecosystem but has had limited 
impact on rainfed ecosystem [1]. Large areas of rice are grown under lowland and upland rainfed conditions. 
These areas respectively occupy 31% and 11% of the global rice-growing area [2]. New system of rice 
cultivation has been evolved to adapt lowland and upland rice ecosystem where availability of water is 
sufficient to grow under limited water (aerobic cultivation). Aerobic rice is high yielding rice grown under 
non-flooded conditions in non-puddled and unsaturated (aerobic) soil. It is responsive to high inputs, can be 
rainfed or irrigated, and tolerates (occasional) flooding [3]. Aerobic rice promises substantial water savings 
by minimizing seepage and percolation and greatly reducing evaporation. Improving productivity under water 
limiting conditions by selecting high yielding genotypes is not reliable because of the highly fluctuating 
nature of yield per se as it is the manifestation of complex interactions [4]. For increased productivity, 
identification of adaptive traits which are the determinants of yield under water limited condition is essential.  
A number of morphological, physiological and biochemical traits have been reported to improve the 
performance of crops challenged by drought. Such information is vital for selection and breeding of high-
yielding aerobic rice varieties. Therefore, in this study we have tried to include sufficient number of 
morphological, physiological and biochemical traits in F2 and F3 generation under aerobic condition.  
Molecular markers can reveal differences among genotypes at the DNA level, providing a more direct, 
reliable and efficient tool for germplasm characterization, conservation and management [5]. 
Microsatellites are PCR-based markers that are technically efficient, cost-effective, and detect a 
significantly higher degree of polymorphism in rice [6]. The objectives of this study were to: 1) determine 
the role of morphological, physiological and biochemical attributes under water limited condition. 2) 
determine the correlation between grain yield and  morphological, physiological and biochemical traits. 3) 
Determine the genetic relationships at molecular level among selected rice lines of F3 with SSR markers. 
2. Materials and methods  
2.1. Experimental 1 
The study was conducted using 166 lines of F2 population, developed from a cross between  MAS 946-1 
and ADT 43 at Annamalai University. MAS 946-1 is a high yielding cultivar suitable for aerobic cultivation, 
developed at University of Agricultural Sciences, GKVK, Bangalore, India. ADT 43 is a high yielding 
improved semi dwarf variety suitable for irrigated habitats. These genotypes were sown on the Plant Breeding 
Farm in Annamalai University (11° 24’ N, 79° 43’ E, 5.79 MSL) India, during dry season of 2010.  The 
experiment was laid out in augmented design with their parents. Field was irrigated  once in a week and 
observations (days 50% flowering, plant height (cm), number of productive tillers plant-1, number of panicles 
plant-1, panicle length (cm), 100 seed weight (g), filled grains panicle-1, sterility per cent, grain yield (g plant-1), 
survival per cent, harvest index, leaf area (cm2), dry weight (g plant-1), soluble protein (mg g-1), chlorophyll 
stability index, relative water content, proline ( m g-1) and membrane stability index) were observed on 
appropriate stages. Data were pooled and subjected to statistical analysis. Principle component analysis (PCA) 
[7] was used to estimate Euclidean distance between two genotypes and correlation between the variables.  
2.2. Experimental 2 
During dry season of 2011, 10 lines were selected from F2 and raised with their parents to determine the 
role of morphological, physiological and biochemical attributes under water limited condition. The 
experiment was laid out in a randomized complete block design with three replications under aerobic 
condition. Each line was harvested and threshed manually to determine grain yield. Following attributes were 
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observed during active tillering and maturity stage. Observations on  leaf area index, crop growth rate (g m-
2day-1), root-shoot ratio, chlorophyll ‘a’ & ‘b’ (mg g-1), total chlorophyll (mg g-1), PS II efficiency (Fv/Fm 
ratio), stomatal conductance (mmol m-2 s-1), transpiration rate (mmol m-2 s-1), total free amino acid (mg g-1), 
total phenolics (mg g-1), reducing sugar (mg g-1), total sugar (mg g-1), nitrate reductase activity (μg NO2 g-1 h-
1), IAA Oxidase activity (μ moles of unoxidised auxin g-1 h-1), catalase activity (μg H2O2 g-1 min -1), 
peroxidase activity (  430 nm g-1 min-1) and superoxide dismutase activity (enzyme units mg-1 protein min-1) 
were observed at appropriate stages with traits measured in F2 generation. Pearson correlation analyses were 
carried out among 28 traits observed. P values were 2-tailed and 2 significant levels were using 0.05 and 0.01. 
Principal component analysis was performed on the basis of the correlation matrix and the calculated eigen 
values and eigenvectors. These statistical analyses were conducted by using Windowstat 7.5 (Indostat 
Services, Hyderabad, India). 
A total of 10 F3 lines and two parents were used in the study (Table 1). DNA was extracted from young 
leaf using CTAB method [8]. Sequence of microsatellite primer pairs were downloaded from genome 
database, Rice Genome Microsatellite Markers (http://www.gramene.org/db/markers.html). Fifty two primers 
were chosen randomly covering all the chromosomes regions. PCR reaction was carried out using a 
Programmable Thermal Cycler (MJ Research Inc., USA) with reaction mixer suggested by Nei et al. [9]. The 
PCR products were electrophoresed in 8% Poly acrylamide gel. The gel was then stained in ethidium bromide 
and observed on a UV transilluminator. Clearly resolved definite bands were scored visually for their 
presence or absence with each primer. The scores were obtained in the form of matrix with ‘1’ and ‘0’, which 
indicate the presence and absence of bands in each line respectively. Polymorphic information content (PIC) 
values were calculated for each of the SSR loci using the formula developed by [9]. PIC=1-  x2k /n. where, 
x2k represents the frequency of the kth allele, n represents the number of genotypes. The data of microsatellite 
markers were analyzed using NTSYS-pc statistical package, version 2.1 (Exeter software, Setauket, NY). 
3. Results 
3.1. Morphological and physiological responses of F2 population of rice genotypes to aerobic condition  
In the present study, PCA was performed to identify trends in the morphological and physiological 
responses of 166 F2 lines in aerobic condition. Biplot Figure 1 explains variances of the variable, correlation 
between the variables, Euclidean distance between two genotypes in the multivariate space and adaptation of 
genotypes to specific environment. The first and second principal components (PC) accounted for 80.81% and 
8.66% of the variance, respectively. The 80.81% variation in the first PC was mainly due to the variation in 
the number of filled grains/panicle. The first PC was positively correlated with all the characters, except for 
the percentage of spikelet sterility and days to first flowering. The largest absolute value for spikelet sterility 
percentage in the second PC indicated that this trait was mainly responsible for explaining 8.66% of the total 
variance. Meanwhile, the second PC was positively correlated with all the characters, except for the 100 seed 
weight, filled grains per panicle, grain yield, leaf area and survival per cent. From Figure 1 the inferred dry 
weight exhibited the highest variance among the variables under aerobic condition. The biplot in Figure 1 
shows a strong relationship between the biochemical parameters and/or survival per cent and yield 
contributing parameters; a weak relationship between yield contributing parameters and survival per cent was 
observed.  
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Fig. 1. Spatial distribution of 166 F2 rice genotypes for the first two principal components. 
3.2. Morphological, physiological and biochemical responses of selected F3 generation of rice genotypes to 
aerobic condition  
Based on the PCA analysis of F2 population, top 10 ranked lines (Table 1) were identified with respect to 
grain yield and spikelet fertility and forwarded to next generation for further study.  Among the top ranked 
genotypes, line L93 exhibited maximum grain yield and spikelet fertility on par with MAS 946-1 donar parent. 
Morphological, physiological and biochemical parameters were studied in F3 to know their role in aerobic 
condition. Twenty eight traits were studied in 12 genotypes (including two parents) of F3 generation at active 
tillering and maturity stage to know their role in growth and survival of rice plant under aerobic condition. 
Among the morphological parameters, maximum range of 289.64 – 587.51 (Cv =19.26) at active tillering and 
516.54 – 891.57 (Cv =13.24) at maturity was observed for leaf area per plant. Stomatal conductance exhibited 
maximum coefficients of variation of 36.78% (12.14 – 33.68) and 17.11% (21.56 – 37.12) at active tillering 
and maturity stage respectively. The increase in Cv suggests that, selected material for the present experiment 
exhibits higher variability. Among the biochemical parameters studied, proline content exhibited maximum 
range of 701.2 – 979.32 at active tillering and 642.1 – 850.12 at maturity stage. 
Table 1. Selected rice genotypes with high grain yield under water limiting condition 
Genotypes Spikelet fertility SPY 
MAS 946-1 94.23 30.12** 
L77 91.12 27.19 
L21 90.62 26.91 
L34 89.12 26.48 
L91 93.81 29.45* 
L60 89.05 26.74 
L19 89.61 26.31 
ADT 43 43.87 15.17 
L93 94.47 30.14** 
L96 94.02 29.47* 
L37 93.16 28.46 
L94 92.74 27.36 
CD 5% 7.94 2.26 
CD 1% 10.44 2.96 
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3.3. Correlations among morphological traits and grain yield 
The relationships among morphological traits and grain yield were analyzed by the Pearson correlation 
analyses. Significantly, positive correlations were found between grain yield and tiller number (r = 0.6399), 
whole plant dry weight and leaf area (r = 0.8392) during active tillering stage. Grain yield was significantly and 
positively correlated with tiller number (r = .5950), whole plant dry weight(r = 0.6928), leaf area(r = 0.8618), leaf 
area index(r = 0.6895) or crop growth rate(r = 0.6497) at maturity stage. Among the morphological traits studied, 
whole plant dry weight was significantly and positively correlated with all traits under both active tillering 
and maturity stage.  
3.4. Correlations among physiological traits and grain yield 
The physiological parameters observed during active tillering stage viz., Chlorophyll ‘a’, total Chlorophyll, 
relative water content and membrane stability index were significantly and positively correlated with grain 
yield, with coefficients (r) of 0.682, 0.688, 0.706 and 0.679 respectively. Conversely, grain yield was 
significantly negatively correlated with stomatal conductance and transpiration rate at both active tillering and 
maturity stage.  Grain yield was significantly and positively correlated with Chlorophyll ‘a’ (r = 0.608), PS II 
(Fv/Fm ratio) (r = 0.580) and membrane stability index (r = 0.816) at maturity stage. Among the 
physiological traits studied, transpiration rate was significantly and negatively correlated with all traits except 
stomatal conductance under both active tillering and maturity stage.  
3.5. Correlations among biochemical traits and grain yield 
Biochemical parameters viz., total protein, total proline, total amino acid, total phenolics, reducing sugar, 
total sugar, nitrate reductase activity, catalase activity and superoxide dismutase activity were found to be 
significant positive associations with grain yield except peroxidase activity (r = 0.562) and IAA oxidase 
activity (r = 0.569) during active tillering and maturity stage respectively. On the other hand, the positive 
relationship between biochemical parameters with grain yield, suggests the importance of  protein, sugar and 
enzyme activity under water stress condition. 
3.6. Diversity analysis with SSR markers 
A total of 52 microsatellite markers were used to assess the extent of genetic diversity across the 12 rice 
genotypes (Table 1). Among 52 SSR primers, 19 primers (RM 224, RM 490, RM 15791, RM 493, RM 231, 
RM 488, RM 8094, RM 212, RM 16032, RM 302, RM 3825, RM 315, RM 431, RM 12023, RM 15925, RM 
237, RM 7075, RM 520) generated polymorphic patterns. A total of 56 alleles were detected by the 19 
markers. The number of alleles per locus varied from 3 to 7, with mean of 3.78 alleles per locus. The markers 
showed a high level of polymorphism, ranging from 57.8% (RM 520) to 100% (10 markers). The PIC values 
derived from allelic diversity and frequency among the genotypes were not uniform for all the SSR loci tested. 
The PIC values for 19 primers varied from 0.431 (RM 12023) to 0.733 (RM 224), with a mean of 0.658.   
Lower PIC value may be the result of closely related genotypes and higher PIC values might be the result of 
diverse genotypes. The cluster dendrogram revealed six clusters. Cluster II was the largest and included four 
lines, while clusters III, IV and VI have single genotype each. Cluster I and V clustered three and two 
genotypes respectively.  
4. Discussion 
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In Asia, agriculture exploits 90 per cent of total freshwater and about 50 per cent of agricultural water is 
used to irrigate rice. Because of its semiaquatic nature and continuous flooding [10], irrigated lowland rice 
requires substantially more water to produce the same amount of grain than any other major crop. Aerobic 
rice cultivation is one of the alternative in which the plants are grown under non-puddled and non-flooded soil 
condition [11].  Numbers of physiological, morphological and phenological traits have been reported to 
improve the performance of crops challenged by drought. Adaptive mechanisms of plants in response to 
drought have been reported and reviewed by several scientists [12]. Nevertheless, evaluation of physiological 
and biochemical traits under aerobic condition, have not been much emphasized. Therefore, in the present 
study, an attempt has been made to elucidate the role of morphophysiological and biochemical traits under 
aerobic condition in selected F3 lines of MAS 946-1 x ADT 43.  
From the Figure 1, growth response of F2 population of MAS 946-1 x ADT 43 could be assessed. PCA 
showed that the most of the genotypes are plotted away from variables, grain yield and physiological 
parameters are plotted in between spikelet sterility and survival percent. This suggest that, importance of 
relative water content, membrane stability index, proline, chlorophyll, soluble protein and yield component 
traits under water stress condition. This is in line with Bohnert and Jensen [13].  Aerobic rice cultivars 
maintain many obvious semiaquatic adaptations, such as development of aerenchyma in roots and high levels 
of nonstomatal loss from leaves. Criterion for character to be an index of drought tolerance is having positive 
significant correlation coefficient with grain yield under water stress. Correlation between traits under study 
showed that there is strong positive correlation between grain yield and 100 seed weight or physiological 
parameters (relative water content, membrane stability index, proline, chlorophyll, soluble protein, leaf area) 
(Figure 1).  On the other hand, morphological traits exhibited strong relationship among plant height, dry 
weight, number of tillers, panicle length, number of panicles and leaf area. Morphological trait such as plant 
height has association with thick and deep root system [14] and whole plant dry weight [15]. Continuous 
aerated condition of rice plant produced 32 per cent lower biomass than continuously flooded treatment.  It 
may be because of low moisture stress induced impaired tillering [16] or due to accelerated leaf senescence and 
hence decreased photosynthetic area under moisture stress [17] leading to lower drymatter production.  
Crop production was determined by the crop growth rate as a function of light interception in crop canopy 
[18]. In the present study, MAS 946-1 and L93 recorded more crop growth rate than other genotypes 
including ADT 43 under aerobic condition in both tillering and maturity stage. The root : shoot ratio of rice is 
important under any habitat. Root characteristics in rice are genetically controlled, but they are also strongly 
affected by soil conditions and crop management practices [19].  Under water stress, the root to shoot ratio of 
rice plant increases. Under water stress condition, destruction of chlorophyll pigments lead to deleterious 
effect on plant productivity. The reduction in chlorophyll content under aerobic condition might be due to 
increased chlorophyllase enzyme activity, which leads to decline in chlorophyll synthesis. Chlorophyll ‘a’, ‘b’ 
and total chlorophyll content exhibited an increasing trend in active tillering and declined at maturity.  
The function of chlorophyll fluorescence is that chlorophyll emission is complimentary to alternative 
pathways of de-excitation, which is primarily photoreaction and heat dissipation. A change in Fv\Fm is due to 
a change in the efficiency of non-photochemical quenching. Dark-adapted value of Fv/Fm reflects the 
potential quantum efficiency of PS II, and it is used as a sensitive indicator of plant photosynthetic 
performance [20].  In general, healthy plant will have a value in the range of 0.78 - 0.89 [21]. Similar findings 
were observed in MAS 946-1 and L93 with higher Fv/Fm ratio than cultivar ADT 43.  At lower values, 
photoinhibition causes damage to a portion of PS II, which is often observed in plants under stress condition 
[22]. Stomata helps to diffuse gas in and out of leaves.  Under water stress, upland rice varieties exhibited 
drought avoidance mechanism by higher diffusive resistance [23] because of their higher stomatal sensitivity. 
Tolerant lines MAS 946-1 and L93 were located on opposite side of variable stomatal conductance. Increased 
diffusive resistance was found to be associated with accumulation of phenols suggesting that phenolics might 
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lead to stomatal closure [24]. Soluble protein, proline accumulation and nitrate reductase were affected during 
water stress. Tolerant lines exhibited higher activity of these compounds under aerobic condition.  
In the present study, antioxidant enzymes catalase, peroxidase and superoxide dismutase (SOD) activity 
were over expressed under aerobic condition regardless of genotypes.  Further, the enzyme activity in tolerant 
genotypes MAS 946-1 and L93 were much higher than in the susceptible cultivar ADT 43.  The results were 
in conformity with the findings of Zelitch [25] who reported that drought induced damage was negated with 
increasing activities of SOD and catalase. The analysis of genetic variation among breeding materials is of 
fundamental interest to plant breeders, as it contributes immensely to selection, monitoring of germplasm and 
to prediction of potential genetic gains [26]. The multiallelic nature of SSR markers has the unambiguous 
advantage of discriminating between the genotypes more precisely.  
The UPGMA cluster analysis of the SSR based genetic similarity matrix resulted in the classification of 
genotypes into six clusters for various sizes at a similarity coefficient level of 0.31. Among the primers used 
in the present study, RM 224 is highly informative since it recorded high PIC value (0.733). The markers 
showed an average PIC value of 0.658, which indicated that SSR markers used in this study were of highly 
informative, because PIC values higher than 0.5 indicate high polymorphism. 
Finally, understanding of the mechanisms by which yields can remain high under aerobic conditions will 
be crucial, and valuable lessons can be learned from the present investigation. Physiological responses of rice 
to moisture limiting conditions and special attention to the yield components were studied. Tall plants with 
more productive tillers with lengthier panicles, higher biomass and higher biochemical factors were at an 
advantage under stress. Our results have demonstrated that the yield gap can be narrowed by developing 
varieties that are more adapted to aerobic conditions.  
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